þ /H þ antiporters are pH-dependent membrane transport proteins that maintain the homeostasis of H þ and Na þ in living cells. MjNhaP1 from Methanococcus jannaschii, a hyperthermophilic archaeon that grows optimally at 851C, was cloned and expressed in Escherichia coli. Two-dimensional crystals were obtained from purified protein at pH 4. Electron cryomicroscopy yielded an 8 Å projection map. Like the related E. coli antiporter NhaA, MjNhaP1 is a dimer, but otherwise the structures of the two antiporters differ significantly. The map of MjNhaP1 shows elongated densities in the centre of the dimer and a cluster of density peaks on either side of the dimer core, indicative of a bundle of 4-6 membrane-spanning helices. The effect of pH on the structure of MjNhaP1 was studied in situ. A major change in density distribution within the helix bundle, and a B2 Å shift in the position of the helix bundle relative to the dimer core occurred at pH 6 and above. The two conformations at low and high pH most likely represent the closed and open states of the antiporter.
Introduction
Secondary transporters comprise a large and diverse group of membrane proteins that mediate the passage of a wide range of substrates through the cell membrane, using the energy supplied by transmembrane ion gradients. The structures of six different secondary transporters have recently been determined by X-ray crystallography (Dutzler et al, 2002; Murakami et al, 2002; Abramson et al, 2003; Huang et al, 2003; Pebay-Peyroula et al, 2003; Ma and Chang, 2004; Yernool et al, 2004) , enabling us to understand the architecture of a small selection of these dynamic membrane proteins. Along with the high-resolution structures, the 3D maps of different secondary transporters in a lipid environment have been determined by electron cryomicroscopy (cryoEM) at 6-7 Å resolution (Williams, 2000; Hirai et al, 2002; Ubarretxena-Belandia et al, 2003) . While the three structures of secondary transporters from the major facilitator subfamily (Hirai et al, 2002; Abramson et al, 2003; Huang et al, 2003) are largely similar, those that represent other families or subfamilies all differ significantly from the major facilitators and from one another.
A detailed understanding of transport mechanisms requires high-resolution structures of transporters in different functional states. However, obtaining well-diffracting 3D crystals even of one state is difficult. cryoEM of two-dimensional (2D) crystals provides a viable alternative and yields maps at intermediate resolution in a comparatively short period. By this approach, it is also possible to study conformational changes in situ, with the protein residing in a lipid bilayer (Subramaniam et al, 1993; Unwin, 1995; Tate et al, 2003) . Na þ /H þ antiporters are ubiquitous membrane proteins that counter-transport sodium ions and protons. They play a central role in pH homeostasis and in the extrusion of Na þ , which is toxic at elevated concentrations (Padan et al, 2001) . They are thus crucial for maintaining the electrochemical gradient across the membrane, which provides the driving force for many other transport systems that use either Na þ or H þ as the counter ion. A fascinating property of these antiporters is their response to pH. It has been postulated that a change in pH, acting on a small set of amino-acid side chains, triggers a conformational change that results in activation or inactivation of the transporter (Hayashi et al, 2002; Padan et al, 2004) . We focused on one of three homologues of Na þ /H þ antiporters that have been identified in the genome of Methanococcus jannaschii, referred to as MjNhaP1 (Hellmer et al, 2002) and encoded by open reading frame MJ0057. Sequence comparison places MjNhaP1 in the NhaP family of Na þ /H þ antiporters, which shows greater homology to eukaryotic proteins such as the human sodium-proton exchanger NHE1 rather than to NhaA from Escherichia coli, the best-characterized Na þ /H þ antiporter (Padan et al, 2001) . Based on the sequence, the protein is predicted to span the membrane 13 times, which would make it unusual but not unique (Jung et al, 1998) for a secondary transporter. Functional studies on everted membrane vesicles (Hellmer et al, 2003) have shown that MjNhaP1, like its human homologue NHE1, is active at pH 6-6.5, whereas NhaA is active at a pH above 7, and inactive below (Padan et al, 2001 ). Although Na þ /H þ antiporters have been predicted to undergo a conformational change in response to pH, there has been no structural evidence to support this. We used cryoEM of 2D crystals to study the structure of MjNhaP1 and to map the pH-induced conformational change associated with activation and inactivation of Na þ /H þ antiporters.
Results

Expression and oligomeric state
Expression of MjNhaP1 in E. coli yielded typically 0.5-0.7 mg of pure protein per liter of culture. Of several detergents tried, b-D-dodecyl maltoside (DDM) solubilized the protein most efficiently. MjNhaP1 was 485% pure after nickel affinity chromatography, as judged by SDS gel electrophoresis and Coomassie staining ( Figure 1A ), which indicated a single band at B36 kDa. The apparent deviation from the calculated molecular weight (B47 kDa) is common with membrane proteins. The protein was stable at acidic pH. Analysis of MjNhaP1 by blue native gel electrophoresis (Schägger and von Jagow, 1991; Heuberger et al, 2002) showed a single protein band migrating at B134 kDa ( Figure 1B) . No higher molecular weight forms were found even upon concentrating the protein. Treatment with the ionic detergent, SDS, resulted in a single band at B65 kDa in the same gel system ( Figure 1B) . We conclude that the 134 kDa band is the MjNhaP1 dimer, and that this dissociates into monomers in SDS. The apparent molecular weight of membrane proteins on blue native gels is known to be up to 80% higher than their calculated mass, due to the partial displacement of detergent by stain (Heuberger et al, 2002) . In the case of MjNhaP1, the calculated and apparent molecular masses differed by 40%. Figure 1 (A) SDS-PAGE (12%) gel stained with Coomassie brilliant blue. Lane 1, membrane fraction (15 mg); lane 2, insoluble fraction after detergent extraction (15 mg); lane 3, soluble fraction after detergent extraction (15 mg); lane 4, protein after affinity purification on nickel column (3 mg); lane 5, Sigma wide-range marker. (B) Blue-Native PAGE (6-20%) showing that the protein is a dimer in detergent solution. Lane 1, purified protein (6 mg); lane 2, purified protein þ 2% SDS added before loading (6 mg); lane 3, markers in kDa (from top to bottom: ferritin, catalase, BSA dimer and monomer). (C) Activity of purified MjNhaP1 as measured by DpHinduced ACMA fluorescence (arbitrary units) at pH 6 and 7.5. The solid line refers to proteoliposomes containing MjNhaP1, the dashed line to control liposomes without protein and the dotted line to proteoliposomes diluted with MTCM buffer containing 0.3 M NaCl (no sodium gradient). The single arrow indicates the addition of liposomes and the double arrow the addition of NH 4 Cl to dissipate the pH gradient. The purified protein was active when reconstituted into liposomes, as judged by the generation of DpH in response to a Na þ gradient ( Figure 1C ). Proton transport caused a fluorescence recovery of the DpH-sensing dye 9-amino-6-chloro-2-methoxyacridine (ACMA). This activity was dependent on the external pH. MjNhaP1 was active in H þ transport at pH 6-7, but inactive at pH above 7. Control experiments with the same Na þ concentration on both sides of the membrane indicated that the Na þ gradient was necessary to bring about the pHinduced fluorescence change. Other control experiments with liposomes not containing the transporter did not show fluorescence recovery, indicating that the liposomes were not leaky.
Structure of MjNhaP1
MjNhaP1 formed 2D crystals readily. Tubular crystals measuring 0.3-0.6 mm in width and 0.5-1 mm or more in length were obtained at a lipid-to-protein ratio (LPR) of 0.4-0.55 (w/w). At increasing LPR, round crystalline vesicles were observed, but only the tubular crystals contained wellordered lattices. Membrane crystals were found in the pH range from 4 to 7. The best lattices were obtained at pH 4 ( Figure 2A and B), while crystals grown at higher pH diffracted poorly and were not suitable for image processing. Images of crystals in glucose or trehalose were indistinguishable, as were the two planar lattices that formed as the tubular crystals flattened on the carbon film, which were processed separately. Individual, CTF corrected images indicate that the crystals are ordered to B6 Å (Figures 3 and 4A) . The crystals had P22 1 2 1 symmetry, as shown by phase comparison of symmetry-related reflections (Valpuesta et al, 1994) . A projection map of MjNhaP1 at pH 4 was calculated, with data truncated to 8 Å resolution ( Figure 5A ). The unit cell contains four molecules of MjNhaP1 arranged in two dimers, related by a two-fold axis perpendicular to the membrane. The two-fold screw axes parallel to a and b give rise to the alternating up and down orientations of adjacent dimers. The dimer of MjNhaP1 has overall dimensions of B51 Â 84 Å . Within the projected density of the protein, two regions can be distinguished. The central region, which consists predominantly of elongated peaks, forms the dimer interface. The shape of the density peaks suggests that this region represents a number of highly tilted membrane-spanning helices. On either side of this central core lies a cluster of 4-6 strong density peaks, characteristic of a bundle of helices oriented roughly perpendicular to the membrane.
pH-induced changes
The effect of pH on the structure of MjNhaP1 was examined in situ by incubating the tubular crystals in pH 8 buffer on the EM grid, and trapping any change by rapid freezing. This led to a slight change of the unit cell from a ¼ 80 Å , b ¼ 108 Å at pH 4 to a ¼ 82 Å , b ¼ 104 Å at pH 8 (Table I) , while the P22 1 2 1 symmetry and the overall arrangement of MjNhaP1 dimers on the lattice remained the same. An 8 Å projection map of the pH 8 structure was calculated from five different lattices ( Figure 5B ).
Significant differences in the projection structures at pH 4 and 8 were evident by visual comparison ( Figure 6B and C). The most noticeable effect was a change in the distribution of densities within the helix bundle. In particular, a peak between two of the helix densities (asterisk in Figure 6B ) disappears at high pH, and the density peaks within the bundle change shape, suggesting a tilting or rotating movement of individual helices. The helix bundle was displaced by B2 Å in a direction roughly parallel to the presumed dimer interface, as estimated from the position of the most prominent helix peaks at low and high pH. The structure of the central core at the dimer interface did not change visibly in response to pH. The difference map ( Figure 7A and B) confirms that the pH-induced structural changes are localized at the membrane-spanning helix bundles at either side of the dimer core. As a control, difference maps were calculated from data obtained at the same pH, randomly divided into two sets. These maps provide an estimate of background noise of about one standard deviation ( Figure 7C ).
The fact that the main difference peaks are localized at a particular region of the MjNhaP1 monomer, and not spread out over the protein, makes it unlikely that the differences we observe are due to the nonisomorphism of the unit cells. To exclude this remote possibility, we generated difference maps in two alternative ways, either using data calculated from the pH 4 projection map positioned in the pH 8 unit cell by molecular replacement, or in real space. All the three difference maps looked essentially the same. The position of the difference peaks in Figure 7A indicates clearly that these changes do not occur at the dimer interface but within the monomer, either in the helix bundle or at the bundle-core interface.
The pH 4 conformation was not observed at pH 8, nor was the pH 8 conformation seen at low pH. However, when tubular crystals of MjNhaP1 were incubated at pH 6.2, lattices with the pH 4 and 8 conformations were occasionally found in the same membrane. Under these intermediate conditions, the unit cell dimensions for the high-pH conformation (a ¼ 81 Å , b ¼ 104 Å ) were in between those observed at pH 4 and 8.
Discussion
Comparison of MjNhaP1 and NhaA MjNhaP1 has been identified as a Na þ /H þ antiporter by sequence comparison, but it is clear from the projection maps ( Figure 6 ) that its structure differs considerably from that of its E. coli homologue, NhaA (Williams et al, 1999) , as reflected already in the overall dimensions of the dimer, 51 Â 84 Å for MjNhaP1 as compared to 38 Â 96 Å for NhaA. Like E. coli NhaA, the MjNhaP1 dimer can be divided into two distinct regions with a central core and a helix bundle at either side. The structure of the dimer core looks quite different in the two proteins, reflecting differences in the orientation of the membrane-spanning helices, and the Figure 4 (A, B) Combined phase error to 5 Å after merging of five lattices from separate images at pH 4 and 8, respectively. The size of the boxes corresponds to the phase error after averaging and rounding to 0 or 1801 associated with each measurement (1, o81; 2, o141; 3, o201; 4, o301; 5, o401; 6, o501; 7, o701; 8, o901, where 901 is random). Values from 1 to 4 are shown as numbers inside boxes, whereas those from 5 to 8 are indicated by decreasing box size.
interactions between them. The helix bundles on either side of this core show some similarity, but in the case of MjNhaP1 they suggest a more or less perpendicular orientation of the membrane-spanning helices, whereas the helices in E. coli NhaA are predominantly tilted (Williams, 2000) . The different activity profiles of the two antiporters are likely to be related to these structural differences.
pH-induced conformational change
MjNhap1 is active at pH 6-7, but inactive at alkaline pH. NhaA on the other hand is active at pH 7 and above, but inactive at acidic pH (Padan et al, 2001) . The inactive state of NhaA was thought to be more rigid and therefore to yield better crystals than the active state (Williams et al, 1999) . MjNhaP1 crystallizes at low pH under conditions very similar to E. coli NhaA. The quality of the crystals was strongly pH-dependent. Attempts to crystallize MjNhaP1 at higher pH resulted in poorly ordered tubes or small crystalline patches, which were difficult to reproduce.
We therefore investigated the effect of pH on MjNhaP1 by incubating tubular crystals grown at pH 4 in pH 8 buffer on the EM grid. The loss of detail in the 6-8 Å resolution range Figure 5 Projection density map of MjNhaP1 at 8 Å resolution at pH 4 (A) and pH 8 (B), calculated from merged amplitudes and phases of five independent lattices with P22 1 2 1 symmetry applied. The two-fold axes perpendicular to the membrane plane and the screw axes parallel to a and b are indicated. A unit cell is displayed with the a-axis vertical and the b-axis horizontal. One unit cell contains four molecules of MjNhaP1. Solid lines indicate density above the mean, while negative contours are shown as dotted lines. An isotropic temperature factor (B ¼ À200) was applied to compensate for the resolution-dependent degradation of image amplitudes. The map was scaled to a maximum peak density of 250 and contoured in steps of 21.
implied that the crystals or the protein became disordered at pH 8 ( Figure 4B ), but at 8 Å the quality of data obtained at both pH values was similar (Table I ). The pH 8 projection map indicated a significant rearrangement of densities in the helix bundle, and a moderate displacement of the helix bundle relative to the central dimer core.
Open and closed states
It is generally assumed that secondary transporters undergo a change of conformation during the transport cycle. The ion translocation pathways of the Na þ /H þ antiporters are thought to open and close in response to pH-induced conformational changes. Such changes have been postulated for E. coli NhaA (Padan et al, 2004) and human NHE3 (Hayashi et al, 2002) , but they have not been observed. The conformational change we see in MjNhaP1 is most likely related to its activity. At pH 4, only one conformation of MjNhaP1 is found ( Figure 5A ). At pH 6.2, a new conformation appears, which is different from the pH 4 conformation but, at a resolution of 8 Å , looks the same as the pH 8 form ( Figure 5B ). Our own measurements on MjNhaP1 reconstituted into liposomes ( Figure 1C ) as well as those of Hellmer et al (2003) on everted membrane vesicles show that the protein is active at pH 6-7. We conclude that the conformation appearing at pH 6.2 is the open, active form of the antiporter, and that another change occurs in MjNhaP1 above pH 7 that prevents ion translocation, but is not visible at 8 Å resolution. NhaA is inactive at low pH, apparently due to the protonation of a set of negatively charged residues (Padan et al, 2001 ). The same is likely to be true of MjNhaP1, and we therefore believe that the pH 4 projection map of MjNhaP1 shown in Figure 5A represents the inactive, closed conformation. The observation of both conformations in the same tubular crystal at pH 6.2 indicates that the activation occurs near this pH and is brought about by a conformational switch rather than a gradual change with increasing pH. Presumably, a similar switch occurs in NhaA at a pH above 7.
The two monomers in the dimer appear to be active independently of one another, as both undergo the same pH-induced conformational change in the 2D crystals. Studies with the human Na þ /H þ antiporter have shown that cations and protons compete for the same binding site on the exocytoplasmic side, implying a single translocation pathway for both ions (Aronson 1985) . The extent and location of peaks in the difference map is consistent with one translocation pathway per monomer.
Implications for the mechanism and regulation of ion transport
Secondary transporters of the major facilitator superfamily, such as LacY and GlpT, are thought to function by a rocking motion of two-helix-bundle domains relative to one another in the membrane (Abramson et al, 2003; Huang et al, 2003) . However, ion transporters have a very much higher transport rate than these transporters, of the order of 10 5 translocation events per second (Accardi and Miller, 2004) , requiring dynamics on the timescale of a few microseconds. Rather than rigid-body movements of whole domains, such rapid dynamics are apt to involve the rearrangement of individual helices or sets of residues, consistent with the scale of the confined conformational changes we observe. In contrast to ion channels, transporters need two gates for regulating the translocation of substrates. In the Na þ /H þ antiporters, these two gates are likely to be two distinct sets of residues that are protonated or deprotonated in response to pH, thereby closing or opening the ion translocation pathway. The conformational change closing the translocation path at low pH may be brought about by the protonation of acidic side chains, a number of which have been shown to be functionally important in Na þ /H þ antiporters. In MjNhaP1, Asp 132 and 161 are essential for transport (Hellmer et al, 2003) . Asp132 is a key residue in the TDP sequence motif that is characteristic of Na þ /H þ antiporters and conserved in bacteria, archaea and mammals. Conversely, the deproto- nation of these residues at BpH 6 and above may activate ion translocation. At a pH above 7, MjNhaP1 again becomes inactive. This step might involve the deprotonation of Arg320, the equivalent of Lys300 in NhaA, which are both directly involved in ion translocation (Hellmer et al, 2003; Padan et al, 2004) . The observation that Arg320 can be replaced by a histidine without affecting activity or pH response (Hellmer et al, 2003) suggests that a positive charge is required in this position. The drawing in Figure 8 summarizes our conclusions on the ion translocation mechanism of MjNhaP1 and its regulation.
Physiological role of MjNhaP1
The interrelationship between Na þ and H þ cycles is well documented in many organisms (Skulachev, 1991) and methanogenic archaea maintain both a proton and a sodium gradient (Deppenmeier et al, 1999) . The natural marine habitat of M. jannaschii has a salinity of B10-15 mg/l and a pH of 4-6 (KO Stetter, personal communication). A detailed appraisal of the exact physiological role of the antiporter would require additional information on the internal pH and Na þ concentration, and in particular the transport stoichiometry of MjNhaP1, or whether it is electrogenic (like NhaA) or electroneutral (like NHE1). Without this information, we can only attempt to explain the pH response of MjNhaP1 in broad terms. Assuming that the activity profiles of the Na þ /H þ antiporters are adapted to their particular environment and tuned to ensure pH homeostasis in the cell (as is the case for NhaA and E. coli), the internal pH of M. jannaschii is likely to be around 6.5. MjNhaP1 is evidently designed to correct minor changes of the intracellular pH that arise due to metabolic activity. If the internal pH drops slightly, protons are pumped out by using the Na þ gradient. If the internal pH rises by a small amount, the antiporter responds by letting protons in, using the increasing pH gradient to extrude Na þ . However, in the event of more extreme pH differences, the antiporter must be switched off to prevent an uncontrolled influx of Na þ that would result from a large outward proton gradient, either at high external or low intracellular pH. Conversely, a large inward proton gradient, associated with either a high internal or a low external pH, might cause an almost complete loss of Na þ from the cell, which may be undesirable as several of the unique enzymes of M. jannaschii are Na þ -dependent, among them the M. jannaschii methyl transferase, a primary Na þ pump.
This enzyme has a central role in the Methanococcus metabolism, and extrudes Na þ from the cell as it produces methane from formaldehyde and hydrogen (Gottschalk and Thauer, 2001 ). These considerations might partly explain why MjNhaP1 shuts down at a pH below 6, and above pH 7.
Conclusion
We have determined the 8 Å projection structure of MjNhaP1, an archaeal homologue of the bacterial Na
NhaA and the human Na þ /H þ antiporter NHE. Compared to the structure of NhaA (Williams et al, 1999; Williams, 2000) , the map of MjNhaP1 looks significantly different at a low pH where both antiporters are thought to be locked in a closed, inactive conformation. This unexpected finding emphasizes the need to investigate more transporters, which might be similar in terms of sequence and function and yet have different molecular architectures.
A conformational switch at pH 6.2 correlates with the activation of MjNhaP1, which is functional at pH 6-7. This switch is most probably related to the protonation or deprotonation of key residues that are known to be involved in ion translocation in the Na þ /H þ antiporter family. As there is no further conformational change at increasing pH, the projection map at pH 8 shows the open state of the transporter. The projection maps of MjNhaP1 in two different states call for a high-resolution 3D structure, which will be essential for understanding the exact mechanisms of ion translocation and pH sensing. MjNhaP1 makes use of the natural salinity of its environment to maintain an optimal intracellular pH, while the mammalian NHE Na þ /H þ antiporters use the Na þ gradient generated by the Na þ /K þ ATPase for the same purpose. The ways in which the two homologous membrane proteins achieve this are likely to be similar, and thus the pH-induced conformational change we describe provides a first glimpse of the associated molecular mechanism.
Materials and methods
Cloning, expression and purification Initially, forward and reverse primers (5 0 -ata aaa tat tta tat gat ttt tag-3 0 and 5 0 -caa gct tcg aaa cta ctt ctc cc-3 0 ) were used to amplify the flanking regions of MJ0057 from the M. jannaschii genomic DNA. The purified PCR product was then amplified with a second set of forward and reverse primers (5 0 -tta ttg tga tca tat gga act tat g-3 0 and 5 0 -ata att tta ctc gag gga gga ttc ttc-3 0 ) to introduce the restriction sites (NdeI and XhoI) for cloning into an expression vector pET26b (Novagen) with a C-terminal hexa-histidine tag. All PCR reactions were performed with Pfu DNA polymerase (Stratagene) and clones were verified by sequencing. The protein was expressed in BL21 pLysS at 371C in 2YT media. Cells were induced (MjNhaP1) monomer, showing the proposed response to cytoplasmic pH. At normal internal pH (centre), the antiporter is open and active, balancing the Na þ and pH gradients to maintain the intracellular pH at an optimal level. Closure at low pH (left) is associated with a conformational change that may be caused by the protonation of acidic side chains A and is visible in the projection maps of Figure 4 . At pH 7 and above (right), the channel is blocked, presumably due to the deprotonation of basic residues B in the translocation pathway. This change is not visible in the 8 Å map.
with 1 mM isopropyl thiogalactoside (IPTG) at an OD of 0.6-0.8 and grown further for 4 h. Cells were harvested and broken with a cell disrupter (Constant Systems). Unbroken cells were removed by low-speed centrifugation. The membrane fraction was collected by centrifugation at 100 000 g at 41C for 1 h, resuspended in 25 mM Tris, pH 8, and stored at a final protein concentration of 25 mg/ml at À801C.
Membranes were solubilized in 1.5% DDM (Glycon) for 45 min at room temperature. The insoluble fraction was collected by centrifugation at 100 000 g for 30 min. NaCl and imidazole were added to the soluble fraction at final concentrations of 0.3 M and 10 mM, respectively. The soluble fraction was applied to an Ni-NTA column (Qiagen) pre-equilibrated with TSG buffer (Tris-HCl, pH 8.0, 300 mM NaCl, 10% glycerol) containing 0.05% DDM. Two washing steps with 10 and 30 mM imidazole removed nonspecifically bound proteins. MjNhaP1 was eluted from the column with 25 mM K þ acetate, pH 4.0, 300 mM NaCl, 10% glycerol and 0.05% DDM, or with TSG buffer containing 0.2 M imidazole with 0.05% DDM. Blue native gel electrophoresis was carried out essentially as described by Schägger and von Jagow (1991) and Heuberger et al (2002) .
Activity measurements E. coli polar lipids were dried and resuspended in MTCB (10 mM Mes-Tris, 140 mM choline chloride pH8) buffer with 0.3 M NaCl. MjNhaP1 was added at an LPR of 50:1 (weight by weight) and incubated for 10 min at room temperature. Detergent was removed by overnight incubation with biobeads at 41C. Proteoliposomes were collected by centrifugation (100 000 g for 20 min) and resuspended in 100 ml of MTCB þ 0.3 M NaCl.
For activity measurements, 4 ml of proteoliposomes or control liposomes not containing the transporter was diluted in 1 ml MTCB without sodium at pH 6 or 7.5, with 1 mM of the fluorescence dye ACMA. The excitation wavelength was 409 nm and the emission wavelength 474 nm, with a slit width of 5 nm. Finally, the pH gradient was dissipated with 25 mM NH 4 Cl. All measurements were carried out at 231C in a Hitachi fluorimeter.
2D crystallization
Protein in DDM at a final concentration of 1 mg/ml and E. coli polar lipids (Avanti Polar Lipids) solubilized in 1% b-D-decyl maltoside (DM) were mixed at a wide range of lipid to protein ratio (LPR) of 0.3-0.75 (w/w) and incubated at room temperature for 1 h before being transferred to dialysis bags with a 14 kDa cutoff. All crystallizations were carried out at 371C, in 25 mM acetate, pH 4, 0.2 M NaCl, 5% glycerol and 5% 2-4-methylpentanediol. The crystals grew in 5-7 days and were stable for several months.
Electron microscopy
Negatively stained specimens were screened in a Philips CM12 microscope and images were recorded at a magnification of Â 45 000. Batches of well-ordered crystals were analyzed by cryoEM. Samples were prepared by the back injection method (Wang and Kü hlbrandt, 1991) . In all, 2 ml of crystal suspension was applied to a carbon-coated copper grid, to which a small volume of 4%, pH 4.9 glucose or trehalose solution had been applied. Grids were blotted and rapidly frozen in liquid nitrogen. Images were recorded using a JEOL 3000 SFF electron microscope equipped with a field emission gun and liquid-helium-cooled top entry stage, with an accelerating voltage of 300 kV at a specimen temperature of 4 K and a magnification of Â 53 000, using a spot scan procedure with an exposure time of 35 ms per spot. Images recorded on Kodak SO-163 electron emulsion film were developed for 12 min in full-strength Kodak D19 developer. The quality of negatives was evaluated by optical diffraction and those exhibiting strong reflections to 10 Å were selected for further processing.
pH-induced conformational change
Samples were prepared by back injection as described, but the embedding medium (4% trehalose) was buffered with 25 mM Tris, pH 8, or 25 mM MES pH 6.2. In all, 2 ml of the sample was applied to the carbon film, mixed thoroughly and excess liquid was blotted off. Then, 2 ml of 25 mM Tris, pH 8 or 25 mM MES, pH 6.2 was applied and mixed thoroughly, allowed to stand for a minute and blotted. The grids were rapidly frozen in liquid nitrogen. Images were collected as described above. Three different experiments gave identical results.
Image processing
Selected image areas of 4000 Â 4000 pixels were digitized with a pixel size of 7 mm on a Zeiss SCAI scanner. Images were processed using the MRC image-processing programs to correct lattice distortions and contrast transfer function (Henderson et al, 1986; Crowther et al, 1996) . Typically, 3-4 cycles of unbending were carried out for each lattice. The program ALLSPACE was used to determine the phase residuals (Valpuesta et al, 1994) . The five best lattices at each pH were merged at 5 Å to generate data sets from which projection maps were calculated.
Difference maps
Difference maps were calculated using phases and scaled amplitudes of structure factors obtained at both pH values. Alternatively, a dimer from the pH 4 projection map was masked out and placed into the pH 8 unit cell by molecular replacement, using the program MOLREP (Vagin and Teplyakov, 1997) . Projection amplitudes and phases were calculated, scaled and subtracted from the pH 8 data as above. In addition, the dimer from each pH was cut out and subtracted in real space using the program SPIDER (Frank et al, 1996) .
